Granulocyte colony-stimulating factor (GCSF) drives the production of myeloid progenitor and precursor cells toward neutrophils via the GCSF receptor (GCSFR, gene name CSF3R). Children with severe congenital neutropenia chronically receive pharmacologic doses of GCSF, and B30% will develop myelodysplasia/acute myeloid leukemia (AML) associated with GCSFR truncation mutations. In addition to mutations, multiple isoforms of CSF3R have also been reported. We found elevated expression of the alternatively spliced isoform, class IV CSF3R in adult myelodysplastic syndrome/AML patients. Aside from its association with monosomy 7 and higher rates of relapse in pediatric AML patients, little is known about the biology of the class IV isoform. We found developmental regulation of CSF3R isoforms with the class IV expression more representative of a progenitor cell stage. Striking differences were found in phosphoprotein signaling involving Janus kinase (JAK)-signal transducer and activator of transcription (STAT) and cell cycle gene expression. Enhanced proliferation by class IV GCSFR was associated with diminished STAT3 and STAT5 activation, yet showed sensitivity to JAK2 inhibitors. Alterations in the C-terminal domain of the GCSFR result in leukemic properties of enhanced growth, impaired differentiation and resistance to apoptosis, suggesting that they can behave as oncogenic drivers, sensitive to JAK2 inhibition.
INTRODUCTION
Gene ablation of granulocyte colony-stimulating factor (GCSF) or its receptor (GCSFR, gene name CSF3R) results in severe neutropenia, confirming their central importance in driving granulopoiesis. 1, 2 Nonsense mutations in the distal domain of the CSF3R, such as at codon 716 (d715), have been isolated from B80% of patients with severe congenital neutropenia (SCN) who developed secondary myelodysplastic syndrome (MDS) or AML. [3] [4] [5] [6] Truncation mutations of the CSF3R have also been isolated in chronic leukemias, such as an adult with Ph þ chronic myeloid leukemia as well as a child with SCN who developed chronic myelomonocytic leukemia and monosomy 7. 7, 8 A leukemogenic role for variant GCSFR is supported by the recent report that five distinct CSF3R mutations emerged over two decades in a patient with SCN who developed secondary MDS/AML. 9 The GCSFR is expressed primarily on neutrophils and their precursor cells. Seven mRNA isoforms or classes encoding the GCSFR have been isolated. 10, 11 Only class I (the canonical type) and class IV (differentiation-defective) CSF3R isoforms are detectable in hematopoietic cells. 12, 13 As a result of alternatively splicing, the class IV GCSFR loses at position 725 the C-terminal 87 amino acids, which are replaced by a unique 34 amino-acid sequence.
14 Increased expression of class IV CSF3R has been found in ex vivo culturing of bone marrow cells from patients with monosomy 7.
12,15 Children and adolescents with AML who overexpress the class IV CSF3R have a higher incidence of relapse. 16 These findings underscore the antileukemic properties of the C-terminal region of the GCSFR.
GCSF-induced GCSFR dimerization 17 activates downstream signal transduction pathways involving Src kinases such as Lyn, Janus kinase (JAK)/signal transducer and activator of transcription (STAT), Ras/extracellular regulated kinase (ERK) and phosphatidylinositol 3-kinase/Akt (PKB). 18 The cytoplasmic domain of GCSFR possesses four tyrosine residues (Y704, Y729, Y744, Y764), which serve as phospho-acceptor sites. 19, 20 SH2-containing proteins bind Y704 (STAT5 and STAT3) and Y764 (Grb2). Grb2 couples to both Gab2 and to SOS, permitting signaling diversification involving Ras/ERK, phosphatidylinositol 3-kinase/Akt and Src homology 2 phosphatase (SHP-2). 21, 22 Negative regulatory molecules, Src homology 2 domain containing inositol 5'-phosphatase and cytokine inducible Src homology 2 protein, are recruited to the GCSFR at residues 744 and 764. 23 The class IV isoform lacks three of the four tyrosine residues (Y729, Y744, Y764) in the distal domain.
We report that the class IV isoform, which is similar (Figure 1a ) to the common nonsense mutations isolated from patients with SCN and MDS/AML, is elevated in a number of adults with AML/MDS. We further identified that there were pronounced differences in growth, differentiation, proximal phosphoprotein signaling pathways, cell-cycle gene expression and sensitivity to JAK2 inhibition. Our data identify a critical region in the carboxylterminal domain of the GCSFR that confers anti-leukemogenic properties, which was one of the first properties attributed to human GCSF. 24 MATERIALS AND METHODS cDNA and plasmid constructs CSF3R class I and class IV cDNA were cloned into the pcDNA3 vector. Another set of class I and class IV cDNA containing an internal HA tag sequence (located after the signal sequence) were cloned into the lentiviral transfer plasmid CSII-CMV-MCS-IRES2-Venus. The HA tag is inserted after the signal sequence, such that after the signal sequence is cleaved the HAtag presents itself at the N-terminus of the GCSFR. Chimeric growth hormone receptor (GHR)/GCSFR cDNA was constructed by overlap extension PCR method. 25 cDNA of the extracellular domain of rabbit GHR (using RC2 as the template 25 ) was amplified using primers A and B (Supplementary Table 1 ). The transmembrane plus intracellular domains of class I, class IV and d715 GCSFR were amplified by PCR using primer C as the common forward primer and primers D, E and F (Supplementary Table 1 ) as the specific reverse primers. PCR products were mixed and chimeric GHR/GCSFR and second round of PCR was performed using primer A as common forward primer and primer D, E and F as reverse primers for class I, class IV and d715, respectively. PCR products were cloned into CSII-CMV-MCS-IRES2-Venus.
Cell lines and maintenance
Murine interleukin (IL)-3-dependent cell line, Ba/F3, expressing either hGCSFRI (Ba/F3 GRI) or hGCSFRIV (Ba/F3 GRIV) were obtained by electroporation of either class I or class IV cDNA in pcDNA3 vector. N-terminal HA-tagged hGCSFRI (Ba/F3 HA-GRI) or hGCSFRIV (Ba/F3 HA-GRIV) were obtained by lentiviral infection of Ba/F3 parent cells. Cells were maintained in RPMI containing glutamine and supplemented with 10% fetal bovine serum (FBS), 1% PenStrep (Invitrogen, Grand Island, NY, USA) and 2 ng/ml recombinant murine IL-3 (mIL-3, Peprotech, Rocky Hill, NJ, USA). For studying GCSF-induced proliferation, the mIL-3 was replaced with human GCSF (hGCSF, Peprotech). Murine IL-3-dependent myeloblastic cell line, 32D, expressing lentivirally infected rabbit GHR/GCSFRI or GHR/GCSFRIV or GHR/d715 chimeric receptors were grown in Stemline II serum-free hematopoietic stem cell expansion medium (Sigma, St Louis, MO, USA) supplemented with 1% PenStrep and 2 ng/ml mIL-3. To study GCSFR-induced proliferation and differentiation, mIL-3 was replaced with human growth hormone (hGH, AbD Serotec, Raleigh, NC, USA).
Differentiation of NB4 cells
Human promyelocytic cell line NB4 was grown in RPMI, 10% FBS, 2 mM glutamine and 1% PenStrep. Differentiation was induced by adding 1 mM all-trans retinoic acid (Sigma). For control experiments only ethanol was added to a final concentration of 0.1%. Cells were harvested at 0, 3, 4, 5, 6 and 7 days. Differentiation was confirmed by microscopic study of WrightGiemsa staining and flow cytometric immunophenotyping.
Patient samples and isolation of CD34 þ cells from umbilical cord blood
De-identified patient bone marrow mononuclear cells were obtained from the Leukemia Sample Bank at the University of Texas MD Anderson Cancer Center on institutional review board-approved protocol, and consent was obtained in accordance with the Declaration of Helsinki. Samples were analyzed under an institutional review board-approved laboratory protocol. Umbilical cord blood was obtained following institutional review board guidelines of Northwestern University and Prentice-Women's Hospital (Chicago, IL, USA). Mononuclear cells were isolated using Ficoll separation and CD34 þ cells were further isolated by magnetic labeling as per the manufacturer's protocol using the CD34 MicroBead kit and MACS MS column (Miltenyi Biotec, Bergisch Gladbach, Germany). Purity of the isolated CD34 þ cells was determined by flow cytometry. Figure 1 . Comparison of carboxyl-terminal region of the GCSFR in patients with myeloid leukemia. (a) Schematic representation of class I (wild type), class IV (alternatively spliced isoform), d725 (mutant) and d715 (mutant) variants of the GCSFR. We report a GCSFR nonsense mutation from a patient with chronic myelomonocytic leukemia that occurred at codon 726, resulting in a protein of 725 amino acids (the amino-acid numbering does not include the 23 amino-acid signal sequence). Alternatively, splicing of the GCSFR results in the class IV isoform, which retains the 725 amino acids. The d725 and class IV isoform are similar to the truncated d715 GCSFR, a nonsense mutant commonly observed in SCN patients that transition to AML. All GCSFR variants have no differences in their extracellular and juxtamembrane domains, but differ in their cytoplasmic domains. The cytoplasmic domain of GCSFR consists of conserved box 1 and 2 in the truncated forms, with box 3 included in the full-length class I GCSFR only. In the full-length form, there are four tyrosine residues (Y704, Y729, Y744 and Y764), however, only Y704 is conserved among the nonsense mutants and alternatively spliced isoform. (b) Box plot with whiskers showing maximum, minimum and a line for the median was used to represent the percentage of class IV CSF3R mRNA expressed in primary AML and MDS cells. mRNA was harvested from bone marrow mononuclear cells using deidentified samples from patients with either AML or MDS and then subjected to qPCR. Also shown human bone marrow mononuclear cells, human neutrophils and umbilical cord blood CD34 þ cells. Breaks are introduced in the y axis to give two segments covering 64% (lower segment) and 36% (upper segments) of the y axis. Lower segment shows 0-15% and the upper segment depicts 20-100%. Statistical significant differences (*Po0.05; **Po0.01) were calculated using Kruskal-Wallis test and Dunn's multiple comparison post test.
Ex vivo differentiation of neutrophils from CD34 þ cells and staining
Purified CD34
þ cells were induced to differentiate following the protocol reported elsewhere. 26 Briefly, freshly isolated cells were grown for the first 7 days in serum-free hematopoietic stem cell media (StemSpan SFEM, Stemcell Technologies, Vancouver, BC, Canada) supplemented with 10% FBS, 1% PenStrep, 100 ng/ml of human stem cell factor (Peprotech) and 10 ng/ml each of human IL-3 (hIL-3, Peprotech) hGCSF and human thrombopoietin (Peprotech). After 7 days, the media was changed to StemSpan SFEM supplemented with 10% FBS, 1% PenStrep and 10 ng/ml of hGCSF. Fresh media was used every 2 days. Samples at 0, 4, 6, 8, 10, 12 and 14 days were used for staining and mRNA extraction. Differentiation was confirmed by Wright-Giemsa staining and immunophenotyping using flow cytometry.
Flow cytometry-based immunophenotyping
Cells were labeled with appropriate fluorescence-conjugated antibodies (Supplementary Table 2 ) by incubating in dark for 60 min at 4 1C. Cells were washed once and run on a BD LSRII flow cytometer (Franklin Lakes, NJ, USA). Data were analyzed using FLOWJO software (Tree Star Inc., Ashland, OR, USA).
Quantitative reverse transcription PCR
Based on manufacturer's protocols, 5 Â 10 5 -10 7 cells were used for total RNA extraction using the Trizol reagent (Invitrogen) for NB4 cells and the RNeasy plus mini kit (Qiagen, Hilden, Germany) for cord blood CD34 þ cells and patient bone marrow mononuclear cells. cDNA was synthesized using the iScript cDNA synthesis kit (Bio-Rad, Hercules, CA, USA). Real-time quantitative PCR (qPCR) was performed using primers designed specifically for class I CSF3R, class IV CSF3R and Abl as a reference gene described by Sloand et al. 15 or a second set of primers with actin as a reference gene (Supplementary Table 3 ). The qPCR was carried out using iQ SYBR Green Mix (Bio-Rad) in a MyIQ single color detection system (Bio-Rad). To study gene expression profiles of cell cycle proteins in response to GCSF in Ba/F3 HA-GCSFRI and Ba/F3 HA-GCSFRIV cells, the cells were serum starved for 8 h followed by stimulation with 100 ng/ml hGCSF. Cells were then harvested at 0, 30, 60, 120, 240 and 480 min. RNA purification, cDNA synthesis and qPCR using specific primers (Supplementary Table 3) were performed as described above for CD34 þ cells.
I labeling of GCSF
Iodination was performed using the Bolton-Hunter method. 27, 28 One mCi of 125 I Bolton-Hunter reagent (Perkin Elmer, Waltham, MA, USA) was incubated with fourfold molar excess of hGCSF for 2 h at room temperature (RT). Reaction was quenched using 0.2 M glycine buffer. The labeled protein was isolated from the free 125 I Bolton-Hunter reagent using size exclusion chromatography. The reaction mixture was layered onto pre-packed PD10 columns (GE Lifesciences, Pittsburgh, PA, USA) and protein eluted using the gelatin elution buffer (0.25% gelatin in sodium phosphate buffer, pH7.2). Aliquots representing the first radioactive peak, measured using a gamma counter contained the labeled hGCSF. To determine specific activity, preand post-column samples were spotted on filter paper and placed in a beaker containing 0.9% NaCl solution. Solvent front was allowed to reach the top of the filter paper strip. Strip was cut into two halves; top half representing free 
Equilibrium binding analysis
Cells were washed with Dulbecco's phosphate-buffered saline (PBS) and resuspended in the reaction buffer (Dulbecco's PBS containing 1 mg/ml BSA and 0.2% sodium azide) at a density of 2 Â 10 6 cells/ml. Different concentrations of 125 I-labeled GCSF were added to the cells and incubated for 1 h at RT. Nonspecific binding for each concentration was determined by adding 400-fold excess of unlabeled GCSF in parallel. GCSF bound to cells was separated from free GCSF as described elsewhere. 29 Binding affinity was calculated by nonlinear fitting of free GCSF concentration vs bound GCSF. The nonlinear fitting for single site binding was done using GraphPad Prism software (GraphPad Software Inc., LaJolla, CA, USA).
Internalization of GCSFR using flow cytometry
Log-phase cells were washed twice with PBS and resuspended in RPMI containing 1% BSA at 1 Â 10 6 cells/ml and incubated for 4 h at 37 1C. 1 Â 10 6 cells were incubated with anti-human CD114 (GCSFR) antibody on ice for 45 min. Cells were washed once and hGCSF was added at 100 ng/ml. Incubation was carried out in 37 1C water bath for 0, 7.5, 15, 30 and 60 min. Internalization halt buffer (PBS, 1% FBS, 0.2% sodium azide) was added and put on ice. Cells were centrifuged at 300 g for 10 min at 4 1C. Supernatant was removed and labeled with phycoerythrin anti-mouse secondary antibody by incubating in dark for 60 min at 4 1C. Cells were washed, resuspended in ice-cold PBS containing 0.01% azide and run on a flow cytometer.
Cell proliferation assay
Log-phase growing Ba/F3 HA-GRI, Ba/F3 HA-GRIV, 32D GHR/GRI or 32D GHR/GRIV cells were washed twice with PBS to remove IL-3 and resuspended in fresh medium without IL-3 at a concentration of 2 Â 10 5 cells/ml. 100 ml of cells were added per well. hGCSF (Ba/F3 cells) or hGH (32D cells) was added to appropriate wells and incubation was carried out for 48 h at 37 1C and 5% CO 2 . MTT (3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide) reagent (American Type Culture Collection; ATCC, Manassas, VA, USA) was added and incubation was carried out for 4 h. Absorbance was read at 600 nm using a multi-well plate reader (Fluostar Optima, Ortenberg, Germany).
Cell growth, viability and cell cycle analysis by flow cytometry Ba/F3 GRI and GRIV cells were harvested, washed with RPMI and serum starved in RPMI with 1% BSA and incubated at 37 1C and 5% CO 2 for 0, 4, 8 and 16 h. Cell count and viability were determined using a hemocytometer and trypan blue staining. Starved cells were fixed in cold 0.5% paraformaldehyde in PBS, incubated for 15 min at RT, washed with phosphate buffered saline, 2 mM EDTA, 1% BSA (PEB) and permeablized with ice-cold 70% methanol for 1 h. Cells were washed with PEB and treated with 100 mg/ml of RNAse at 37 1C for 20 min. Cells were washed and resuspended in PEB containing 25 mg/ml propidium iodide (Invitrogen) for 20 min at RT in the dark, and immediately run on flow cytometer. Data were analyzed using FLOWJO.
Immunoprecipitation and western blot analysis
For studying the time-dependent changes in GCSF-mediated phosphoprotein signaling, log-phase Ba/F3 HA-GRI and HA-GRIV were washed twice with PBS and serum starved in RPMI with 1% BSA and incubated overnight at 37 1C and 5% CO 2 . Cells were then centrifuged and resuspended to 1 Â 10 7 cells/ml. The cells were treated with 100 ng/ml hGCSF for 0, 1, 5, 15, 30, 60 and 120 min at 37 1C and lysed in 1% NP-40 lysis buffer with protease inhibitor cocktail (Calbiochem, Durmstadt, Germany), 1 mM phenylmethylsulfonyl fluoride and 2 mM sodium vanadate for 30 min on ice. The lysates were prepared for western blotting by adding Laemelli buffer and heating it at 100 1C for 5 min. To study the effect of the JAK2 inhibitor on cell signaling, the Ba/F3 HA-GRI and HA-GRIV cells were washed twice with PBS and then resuspended in RPMI with 1% BSA to a density of 1 Â 10 7 cells/ml. Various concentrations of the JAK2 inhibitor or dimethyl sulfoxide as diluent control were added to 1 Â 10 7 cells and incubated for 1 h at 37 1C. hGCSF was added to a final concentration of 100 ng/ml and incubated for an additional 10 min at 37 1C. Cells were lysed as described above. The lysate was used for immunoprecipitation of JAK2 or prepared for western blotting as above. JAK2 was immunoprecipitated using rat anti-JAK2 polyclonal Ab (Supplementary Table 2 ) and protein A agarose beads.
RESULTS

Aberrant GCSFR forms from adult patients with MDS/AML
Children with SCN that progress to MDS/AML almost always display nonsense mutations affecting the carboxyl-terminus of the GCSFR. These patients are treated chronically with pharmacologic doses of GCSF, and thus there is a selection pressure for clonal outgrowth. We sequenced bone marrow cells from a group of 100 adult patients with MDS/AML and no prior GCSF administration, and we found one patient diagnosed with chronic myelomonocytic leukemia whose bone marrow cells harbored a nonsense mutation at position 726 in the GCSFR gene (Figure 1a) . The patient was a 68-year-old male presenting with a white blood count of 119 000/ml, hemoglobin 11.1 g/dl and platelet count 156 000/ml. The absolute neutrophil count was 65 590/ml. The cytogenetics was normal. The alleleic frequency of CSF3R mutation was 33%. We also analyzed a cohort of adult MDS/AML patients ( Table 1) for expression of class IV CSF3R mRNA, which also encodes the canonical CSF3R through position 725 (Figure 1a) . A box plot (Figure 1b) displays the median expression of class IV CSF3R expression in primary AML and MDS. Using Dunn's multiple comparison test, statistically significant differences in median class IV CSF3R mRNA expression (Po0.05) were observed for normal bone marrow mononuclear cells vs MDS mononuclear cells, normal neutrophils vs MDS mononuclear cells and normal CD34 þ cells vs normal neutrophils.
Class I mRNA expression predominates with myeloid differentiation NB4 cells were used to model granulocyte differentiation. Over 7 days of treatment with all-trans retinoic acid, 70% of NB4 differentiated into bands or segmented forms (Figures 2a-c) . Quantitative reverse transcription PCR (qPCR) revealed a timedependent increase in the ratio of CSF3R class I:class IV mRNA in all-trans retinoic acid-treated cells (Figure 2d ). To confirm these findings, we evaluated their dynamic expression during granulocytic differentiation of human CD34 þ cells. Treated for 7 days with a cytokine cocktail (SCF, IL-3, TPO and GCSF), CD34 þ cells were cultured for an additional 7 days in medium containing only GCSF. This resulted in terminal differentiation to neutrophils (Figures 2e-h ). qPCR showed a gradual increase in class I:class IV ratio, primarily mediated by an increase in class I expression (Figures 2i and j) . These data suggested that the class I isoform becomes the predominant CSF3R mRNA during differentiation, consistent with a positive feedback loop.
Class IV receptor demonstrates decreased internalization without change in binding affinity To identify the biochemical consequences of class I and IV GCSFR isoforms, we determined if they displayed different ligand affinity. With radiolabeled GCSF, we performed steady-state binding analysis on Ba/F3 cells expressing either class I or class IV GCSFR (Figure 3a) . Cell lines were sorted for comparable levels of receptor isoform expression. Binding analysis confirmed similar levels of receptor on the cell surface and no significant difference in binding affinities between the GCSFR isoforms ( Table 2) . Because the class IV lacks the dileucyl motif that facilitates internalization, [30] [31] [32] we next determined internalization by flow cytometry. Decreased internalization was observed for class IV isoform compared with that for class I at 7.5 min and 15 min (Figure 3b ). Slower internalization of the truncated receptors would permit prolonged receptor signaling. Although class IV and d715 are similar in their truncation of the carboxyl-terminal domain, the class IV does have additional 34 amino-acid sequence, which may contribute to its reduced internalization even in comparison to d715.
Class IV receptor demonstrates increased proliferation and survival but decreased differentiation We found that as the GCSF concentration increased, the class IV isoform induced greater proliferation compared with class I (Figure 4a ) at high GCSF concentration, however, at low GCSF concentrations (o5 ng/ml), class I GCSFR displayed higher proliferation. These results confirmed the observations derived from monosomy 7 patients, which showed enhanced proliferation at higher doses of GCSF. 15 To assay for differentiation, we studied 32D cells as an experimental cell model. Although White et al. showed that the transfection of 32D cells with class IV GCSFR isoform impaired myeloid differentiation, they saw only a small difference between cells expressing the canonical or class IV isoform. 13 However, these results were likely confounded by the presence of endogenous murine GCSFR in 32D cells. To circumvent this, we constructed chimeric receptors consisting of the extracellular domain of rabbit GHR and the transmembrane and cytoplasmic domains of the GCSFR (Figure 4b ). The GHR also belongs to the hematopoietin/cytokine receptor superfamily. Upon ligand binding, the receptor undergoes homodimerization and triggers changes in cellular protein phosphotyrosine content. 25 Because 32D cells do not express endogenous GHR, we could stimulate chimeric receptors with GH. We established 32D cells with three different chimeric receptors: GHR/GRI (class I Figure 3 . Binding affinity and internalization of GCSFR isoforms. (a) Ba/F3 cells expressing class I or class IV cells were equilibrated with increasing concentrations of 125 I-labeled hGCSF for 1 h at RT. Bound *GCSF was separated from the free. Data were plotted as bound vs free and the binding affinity was determined using nonlinear curve fitting based on a one site-specific binding model (Table 2 ). (b) Receptor internalization of class I, class IV and d715 GCSFR was determined by pre-equilibration with a mouse IgG1 antihuman CD114 Ab for 1 h at 4 1C followed by incubation with hGCSF at 37 1C for 0, 7.5, 15, 30 and 60 min. Ba/F3 parent cells were used to determine the background for each time point. Internalization at various times was determined by quantitating the number of surface receptors by flow cytometry, using a PE-conjugated rat anti-mouse IgG1 secondary antibody. The data are plotted as background subtracted geometric mean fluorescence instensity normalized to time 0, set at 100%, against time. Nonlinear curve fitting using a single phase decay was performed using GraphPad Prism v5.04 software. Statistical analysis was performed applying Bonferroni's multiple comparison test after two-way analysis of variance. Statistically significant differences between class I and class IV at 7.5 and 15 min of internalization were observed and represented as *Po0.05 and **Po0.01, respectively. PE, phycoerythrin Abbreviation: GCSFR, granulocyte colony-stimulating factor receptor. Binding affinities (Kd) and receptor numbers (sites/cell) ± s.e.m. were determined from independent steady-state binding experiments, using radiolabeled hGCSF and Ba/F3 cells expressing either class I or class IV GCSF receptor. The values were determined as an average of values obtained from three independent experiments and by using nonlinear regression analysis as done in Figure 3a . The full-length receptor has four tyrosine residues, of which the last three are missing in the class IV isoform and d715 mutant. The class IV isoform differs from the d715 mutant in that it has a novel 34 aa C-terminal region containing a single tyrosine. Chimeric receptors were created that have the extracellular domain of the rabbit GHR and intracellular domain of either class I, class IV or d715. The figure shows a schematic representation of the structure of the GHR and GCSFR and the generated chimeric receptors. (c) Proliferation of 32D cells expressing the chimeric receptors GHR/ GRI and GHR/GRIV was induced by increasing concentrations of growth hormone (GH). Proliferation was determined using the MTT assay, by quantitating absorbance at 600 nm. Data are plotted as absorbance vs hGH concentration. (d) 32D cells expressing either the chimeric GHR/ GRI (class I), GHR/GRIV (class IV) and GHR/d715 (d715, truncation mutant) cells were grown in medium containing 100 ng/ml hGH. Cytospin samples (5 Â 10 4 cells per condition) were stained using Wright-Giemsa staining. After 6 days or later, class I cells differentiated into mature granulocytes with segmented nuclei and secondary granules. Class IV cells showed dysplasia with ring-shaped nuclei and lacked secondary granules. d715 cells did not show dysplasia, but differentiation was inhibited. (e) Total 200 cells were counted under a microscope and categorized into myeloblast/promyelocyte, myelocytes/metamyelocytes and band/neutrophils. The cell types are represented as percent of total cells counted. (f ) Immunophenotyping was carried out as a measure of differentiation. Ly6G and 6C (Gr-1) expression on surface were determined using PE-conjugated rat anti-mouse Ly6G and 6C antibody on cells treated with 100 ng/ml hGH for days 0, 3, 6 and 9. Cells were incubated with the antibody for 1 h at 4 1C in dark. Samples were run on a flow cytometer to determine PE-labeled cells. Analysis was carried out using FlowJo software. PE, phycoerythrin; TM, transmembrane.
GCSFR), GHR/GRIV (class IV GCSFR) and GHR/d715 (d715 GCSFR).
We observed that treatment of these cell lines with 100 ng/ml human GH resulted in proliferation, with a comparable dose response effect for the isoforms as observed with Ba/F3 cells (Figures 4a and c) . When cultured with human GH for 9 days, we found impaired differentiation in cells expressing class IV isoform or d715 mutant (Figures 4d-f) .
To determine the effect of cytokine-stimulation on intracellular signaling pathways promoting survival, we performed a time-course study of cell growth and survival. For BaF3 GRI and GRIV cells, the total cell count and viability were similar through 8 h of starvation. However, a significant difference in cell count and viability between the BaF3 GRI cells, GRIV cells and d715 cells arose at 16 h, with complete cell death observed at 24 h for class I and d715 with B20% viability remaining for class IV cells (Figures 5a and b) . Flow cytometric analysis demonstrated a G0/G1 cell cycle arrest at 8 h for both BaF3 GRI and GRIV cells, with a similar magnitude of effect (approximately 15% increase in number of events for both cell lines when compared with the 4 h starvation; Figure 5c ). There was also a concomitant 13-15% decrease in the number of cells in S/M/G2 for both BaF3 GRI and GRIV cells without an increase in cell death. However, prolonged starvation of 16 h resulted in increased cell death much more pronounced in the BaF3 GRI cells, with the BaF3 GRIV cells demonstrating resistance to starvationinduced apoptosis.
Class IV receptor shows increased cell cycle protein expression and atypical signaling pathways Having established differences in developmental expression, internalization rates, proliferation, differentiation and resistance to starvation-induced apoptosis, we next sought to identify the mechanistic basis for increased class IV-mediated proliferation by examining induced cell cycle protein expression and changes in signal transduction pathways in comparison with class I. Cell cycle gene expression using qPCR identified a similar trend in the expression of E2F target cell cycle proteins in both class I (GCSFRI) and class IV (GCSFRIV) for PolA, CCNA1 and CCNE1 (Figure 6a ) with upregulation in expression after 240 min of GCSF stimulation. A statistically significant increase was observed for CCND1 expression with class IV at 240 min (Figure 6a ). Increased levels of phospho-STAT3, phopho-STAT5 and phopho-ERK1/2 are seen in class I-expressing cells compared with class IV cells (Figure 6b) . Although no major differences were found for phospho-Akt, higher levels of activation were observed for Src family kinases, such as Lyn, in class IV-expressing cells (Figure 6b) .
To further correlate growth responses with signaling pathways, we studied the effects of dasatinib (a Src/Abl tyrosine kinase inhibitor) and selective JAK2-specific inhibitor NVP-BSK805. 33, 34 Dasatinib, as great as 10 -6 M, did not inhibit proliferation (data not shown). Surprisingly, treatment with the JAK2 inhibitor reduced maximally the class IV GCSFR (GI 50 ¼ 28.5 nM)-mediated proliferation, followed by d715 GCSFR (GI 50 ¼ 547 nM) and class I ¼ 2141 nM; Figure 6c) . Similar results were obtained using a myeloid cell line, 32D cells expressing the chimeric receptors GHR/GRI and GHR/GRIV (data not shown). Using another JAK2 inhibitor, ruxolitinib also showed similar pattern as NVP-BSK805 with class IV showing maximum sensitivity (GI 50 ¼ 5.2 nM) followed by d715 (GI 50 ¼ 94.4 nM) and class I (GI 50 ¼ 486 nM). However, ruxolitinib demonstrated approximately four-to sixfold stronger inhibition of proliferation for all three receptor types when compared with NVP-BSK805. To understand the signaling events perturbed in growth inhibition, we looked at phosphorylation of key signaling molecules. We performed studies using NVP-BSK805, as it is selective for JAK2 as compared with ruxolitinib, which is equipotent for JAK1 and JAK2. 35 A similar pattern of inhibition of JAK2 phosphorylation was observed for both class I-and class IV-expressing cells, with 50% inhibition observed at B10 nM ( Figure 6d ). As JAK2 phosphorylates STAT3 and STAT5, we examined their phosphorylation status. However, inhibition of phosphorylation of STAT3 and STAT5 occurred only at the highest concentration of 500 nM NVP-BSK805 (Figure 6d) . Thus, there may be off-target effects of NVP-BSK805 not yet identified. We also examined the phosphorylation state of SHP-2, ERK1/2 and Src family of kinases. Similar to the STAT proteins, inhibition of ERK1/2 phosphorylation was observed at the highest concentration of 500 nM (Figure 6d ). SHP-2 showed a dose-dependent decrease in phosphorylation, however, unlike the JAK2 inhibition the decrease was limited to the class IVexpressing cells mimicking the cell proliferation response. The data suggest a possible role for SHP-2 in class IV-mediated survival via JAK2 activation. NVP-BSK805 may thus serve as a useful chemical probe to interrogate the critical role of JAK2 and SHP-2 in enhanced class IV isoform-mediated growth.
GCSFR (GI 50
DISCUSSION
Nonsense mutations affecting the GCSFR have been reported primarily in patients with SCN who have been chronically treated with pharmacologic doses of GCSF. Here, we report another case of a nonsense mutation in GCSFR occurring in an adult with Figure 6 . Signaling mechanisms associated with class IV GCSFR expression. (a) Quantitative expression by qPCR of cell cycle genes. Ba/F3 cells expressing either GCSFRI or GCSFRIV were serum starved for 8 h and then stimulated with 100 ng/ml hGCSF for 0, 30, 60, 120, 240 and 480 min. Ribosomal RNA normalized data were further normalized to time 0, to represent fold change in expression of individual proteins upon stimulation with hGCSF. Error bars represent s.e.m. for three independent experiments. Statistical analysis was performed applying Bonferroni's multiple comparison test after two-way analysis of variance. Statistically significant differences between GCSFRI and GCSFRIV were observed for the CCND1 gene and represented as **Po0.01, respectively. (b) Western blot analysis of GCSF-induced class I and class IV GCSFR signaling. Ba/F3 expressing either class I or class IV GCSFR were starved overnight and treated with 100 ng/ml GCSF for 0-120 min. Cells were lysed and 50 mg of protein were analyzed by western blot analysis for the specific antibodies shown (Supplementary Table 2 ). (c) Effect of JAK2 inhibitors on cell proliferation and phosphosignaling. Growth inhibition curves of Ba/F3 cells expressing class I, class IV or d715 GCSFR and growing in the presence of 100 ng/ml of hGCSF were obtained for increasing concentrations of JAK2 inhibitors ruxolitinib or NVP-BSK805. Proliferation was determined using the MTT (3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide) assay. Data representative of three independent experiments are presented as values normalized to 3-(4, 5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide values for cells growing in the absence of inhibitor (untreated), but in the presence of hGCSF. Curve fitting was performed using GraphPad Prism v5.04 software. (d) Ba/F3 cells expressing class I or class IV GCSFR were washed to remove IL-3 and preincubated for 1 h with the inhibitor, followed by addition of 100 ng/ml of hGCSF and additional incubation for 10 min. Cells were lysed and 50 mg of protein were western blotted with specific antibodies. JAK2 was immunoprecipitated from 500 mg of lysate as described in the Methods. IB, immunoblot; IP, immunopreciptate. myeloid leukemia without exposure to GCSF. The resulting truncated receptor is similar to that found in the alternatively spliced class IV isoform, which has been associated with increased relapse rates in AML. 16 We found elevated levels of class IV at diagnosis in adult patients with MDS/AML. Interestingly, statistical differences were observed between normal and MDS groups, but not for the AML group, however, there was one AML patient, with elevated class IV expression. Increased class IV expression was also observed in CD34 þ cells compared with neutrophils and bone marrow mononuclear cells, suggesting class IV expression is higher in blood stem cells. Thus, increased class IV expression may either reflect a state of stemness or contribute to impaired differentiation. Ehlers et al. reported higher relapse rates in AML patients treated with GCSF and increased class IV expression. Thus, higher class IV expression may be associated with leukemic properties or chemoresistance. Here, we report that the class IV isoform demonstrated induced a greater proliferative response in a dose-dependent manner, failed to induce myeloid differentiation, demonstrated resistance to starvation-induced apoptosis and transduced a distinct phosphoprotein signaling profile. Whether it is due to nonsense mutations or alternative splicing, a truncated GCSFR promotes leukemogenic properties.
Using NB4 cells, we determined the expression of class I and class IV relative to each other and found an increase in class I:class IV ratio (Figure 2d ). The ratio could increase in one of two ways: class I increases or class IV decreases over time. We therefore used primary human hematopoietic stem cells to understand the changes in class I:class IV ratio. The CD34 þ differentiation data ( Figure 2f ) were analyzed for specific isoform expression, as normalized to c-Abl, there was negligible change in class IV expression when compared with the marked upregulation (B60-fold) for class I (Figure 2j ). Because the increase in the I:IV ratio was due to increased class I CSF3R expression, there is a formal positive feedback loop for class I expression during differentiation. Biochemical analysis of ligand-receptor binding did not identify any differences between class I and IV GCSFR isoforms, but differences were observed in the receptor internalization that point to a slower internalization of class IV GCSFR. Previous reports have identified the C-terminus of class I GCSFR, which are critical for internalization. 31, 36 These regions are missing in class IV and d715 GCSFR. Thus, both class IV and d715 are expected to demonstrate reduced internalization. As expected class IV internalization was slower and reduced, but not for d715, however, reduced internalization using radiolabeled ligand has been observed with d715 compared with class I GCSFR. 32, 36 Thus, reduced internalization of class IV as with d715 results in ineffective downmodulation of surface receptors, thereby increasing its signaling duration. In addition, truncated receptors act in a dominant negative manner by preventing internalization of wt GCSFR. 32 One striking difference between class I and class IV is the absence of the distal three tyrosine residues, which serve as docking sites for SH2-containing proteins, in the class IV isoform or those truncated receptors due to nonsense mutations such as d715 or d725. The intracellular signaling in class IV-expressing cells showed reduced and/or delayed activation of STAT3, STAT5 and ERK1/2 but tonic activity of Src family kinase Lyn (Figure 6b ). Previous studies on d715 GCSFR showed that maximal proliferation correlated with sustained STAT5 activation. 37 Tight regulation in the expansion of granulocyte progenitors could also be due to growth control associated with a JAK-STAT-SOCS3-negative feedback loop or ubiquitination and receptor degradation. 38, 39 The class IV GCSFR might promote a greater degree of proliferation by failure to initiate feedback inhibition by SOCS3 or signals for differentation. 40 To evaluate this scenario, we treated the three cell types with JAK2 inhibitors, ruxolitinib and NVP-BSK805. This resulted in a significant decrease in proliferation of the class IV cells only (Figure 6c) , suggesting different sets of signaling pathways were transducing proliferation. The data suggest that class IV-mediated growth is dependent on JAK2, however, class I may require both JAK1 and JAK2. The d715 GCSFR showed intermediate sensitivity between class IV and class I GCSFR, suggesting that truncation of GCSFR makes it more sensitive to JAK inhibition. Class IV GCSFR and d715 share the membrane proximal cytoplasmic region, but class IV possesses an extra distal 44 amino acids (including a novel 34 amino-acid region). This region may be involved in downmodulation of the proliferative response mediated by the membrane proximal region, which may explain higher class IV sensitivity to JAK inhibition. Our phosphoprotein signaling data imply that a JAK pathway independent of STAT promotes class IV proliferation. Interestingly, we identified SHP-2 as a potential regulator of class IV-mediated proliferation. However, of the signaling pathways investigated following treatment with NVP-BSK805, only the SHP-2 Tyr 580 phosphorylation pattern correlated strongly with growth (Figures 6c and d) .
The precise role for SHP-2 in GCSFR signaling is not fully understood. Lyn, JAK1 and JAK2 phosphorylate SHP-2. 22, 41, 42 The JAK2 inhibitor inhibited JAK2 phosphorylation at similar concentrations in both class I and IV cells. Of note, it inhibited GCSF-induced SHP-2 phosphorylation at a lower concentration in class IV cells than class I cells. Thus, the greater SHP-2 inhibition might explain the greater cell cycle arrest effect seen in class IV cells. SHP-2 can associate with Y704, Y729 and Y764 either directly or indirectly and thus loss of the latter two tyrosine residues limits the binding sites on the class IV isoform. 38, 43 Association of SHP-2 with Y704 is spatially favorable for its activation by JAK proteins compared with the distal tyrosine residues. Because SHP-2 has fewer binding sites on the class IV isoform, cells that express that isoform are likely to be more sensitive to JAK2 inhibitors when it comes to SHP-2. SHP-2 binding to GCSFR requires the region between residues 715-735, and thus GCSFR d715 is unable to bind SHP-2.
38 SHP-2 dephosphorylates STAT5, which is lost in d715 leading to enhanced STAT5 signaling by d715. Class IV retains part of the 715-735 region, which might explain the reduced STAT5 phosphorylation by class IV (Figure 6b ). Thus, SHP-2 controlled cellular signaling is critical for class IV, but not d715. These differences in class IV and d715 explain their differential sensitivity to JAK inhibitors. We recently reported that Gab2 forms a complex with Lyn and after GCSF stimulation, Gab2 recruits SHP-2, which dephosphorylates phospho-Lyn Tyr507, leading to Lyn activation, which promotes proliferation associated with the class I isoform. 22 Thus, the intracellular proliferative signaling system consisting of Lyn-Gab2-SHP-2 and JAK-STAT is profoundly perturbed by the loss of the distal three tyrosine residues and an additional signaling pathway may be operative. JAK2 inhibitors will be useful as a chemical probe to identify that cytokine-sensitive pathway. Furthermore, JAK2 inhibitor such as ruxolitinib, already approved for myelofibrosis, 34 might be clinically effective to treat acute myeloid leukemias where the class IV receptor is overexpressed. 16 In support of JAK2 inhibitor therapy for GCSFR-mediated leukemogenesis, we recently reported that another mutation of GCSFR (T618I), which is observed in over 50% patients with chronic neutrophilic leukemia and atypical chronic myelogenous leukemia, 44 is sensitive to ruxolitinib but not to dasatinib. 45 
